The compartmentation of celular energy relations during dark-light and light-dark transitions was studied by means of a newly developed technique to fractionate oat (Avena sativa L., var. Arnold) mesophyli protoplasts. Using an improved microgradient system with hydrophobic and hydrophilic layers of increasing density, a pure plastid pellet (up to 90% of total chloroplasts) could be separated from an interphase of only slightly contaminated mitochondria (70 to 80% of total mitochondria), and a cytoplasmic supernatant could be obtained within Energy production in heterotrophic cells of higher organisms takes place mainly in mitochondria. The ATP built up in these organelles is exported to ATP consuming sites of the cell and a back flow of ADP maintains phosphorylation (18, 20) .
the rise in ATP, chloroplastic and mitochondrial AMP levels change accordingly, indicating that, due to the more or less unchanged level of total adenylates, there is no net flux of adenylates between the compartments. In contrast to the organelles, no AMP could be detected within the cytosol. When the light is turned off, a decrease of ATP coincides between chloroplast stroma and the cytosol for only about 30 seconds. Under prolonged dark treatment, cytosoUic ATP rises again, while stroma ATP levels exhibit a further decrease. After about 60 seconds of darkness, the cytosolic ATP level is back to its initial value. This obviously is due to the immediate rise in mitochondrial ATP upon darkening, which cumulates after about 60 seconds; then, caused by an ATP/ADP exchange with the cytosol, it levels off again at the state before changing the conditions, as soon as the cytosolic ATP is also back to its original level. All of these events are closely mirrored by the change in the ATP/ADP ratio and the energy charge within the compartments. While the values for chloroplasts exhibit considerable differences between dark and light, those caleulated for mitochondria and the cytosol exhibit only transient changes. These are Umited to about 60 seconds of undershoot or overshoot, with respect to the cytosol, and then return to nearly the levels observed before changing the conditions. Adenylate kinase was found to be exclusively associated with chloroplasts (90% of total activity level) and mitochondria. Isotonic liberation of vacuoles did not point toward a significant association of adenylates with this compartment.
The results are discussed with respect to an effective collaboration between photosynthetic and oxidative phosphorylation in order to keep the cytosolic energy state at a constant, preset value. ' Supported by a grant from the Deutsche Forschungsgemeinschaft (Ha 970/5).
Energy production in heterotrophic cells of higher organisms takes place mainly in mitochondria. The ATP built up in these organelles is exported to ATP consuming sites of the cell and a back flow of ADP maintains phosphorylation (18, 20) .
In cells of eucaryotic green plants, a similar situation probably exists in the dark. Under illumination, however, the production of ATP by chloroplasts was shown to exceed considerably that by mitochondria, both organelles yielding about 90%o of the ATP which is generated by the cell (30) . Because many energy-requiring reactions proceed outside of these organelles, e.g. synthesis of protein, fatty acids, and sucrose, transfer and regulation of phosphorylation between organelles and cytosol is a prerequisite.
Investigations on adenine nucleotide transfer demonstrated the existence of specific adenylate carriers on the transport-limiting membranes of both mitochondria and chloroplasts (15, 18, 19) .
While such a carrier is also highly active in plant mitochondria (similar to animal mitochondria), the exchange of phosphorylation power across the chloroplast envelope is primarily of indirect nature via a dihydroxyacetone-P/glycerate-3-P shuttle (15, 18) .
Interactions between mitochondria, chloroplasts, and cytosol have not been studied in detail up to now. Of particular interest in this respect is the manner in which photosynthetic events interact with mitochondrial respiration. On the basis of physiological evidence, e.g. specific radioactivity of "CO2 evolved in the light or 02 effect on CO2 compensation point, many investigators favor the view that dark respiration is inhibited in the light either partially or totally.
The most likely mediators of the interaction between photosynthesis, respiration, and cytosolic metabolism are the adenylates, Pi, and nicotinamide adenine dinucleotides. These cofactors are known to control many respiratory enzymes (10) .
Recently, we have developed a microgradient method that meets the requirements for a rapid separation of mitochondria and plastids from protoplast homogenates with acceptably low levels of cross contamination, as shown by the use of specific markers (11) . Meanwhile, we have further improved this technique and used it to determine pool sizes of adenylates and inorganic phosphate.
The results given in this paper on events during dark -* light and light -. dark transition for the first time clearly demonstrate the close interaction of all compartments in keeping the cytosolic energy charge constant.
MATERIALS AND METHODS
Preparation of Protoplasts. Primary leaves from 7-day-old oat seedlings (A vena sativa L., var. Arnold) were sliced into segments of 0.5-to 1-mm width and macerated by incubation in 2% Cellu-lysin (Calbiochem), 0.6 M mannitol, I mM CaC12, 0.5% BSA, and 5 mM Mes-KOH (pH 5.6) for 2 h at 30°C, essentially as described previously (12) . The resulting protoplast suspension was purified on a sucrose-sorbitol step gradient, pelleted, and resuspended in 0.5 M sorbitol containing 0.5% BSA, 7.5 mm CaCl2, and 20 mm Hepes-KOH (pH 7.6). The density of the protoplast suspension was adjusted to about 0.5.106 cells ml-'.
Fractionation of Protoplasts. Purified protoplasts in a 50-,ul volume in 0.38 M sorbitol, 20 mm Hepes-KOH (pH 7.6), 7.5 mM CaCl2, and 10 mm NaHCO3 were placed above a 20-,m nylon mesh, fixed in a 400-1A microfuge tube by a 6-mm length of tubing (1 1, 31 (11) . If experiments under different light regimes were performed, illumination (150 w m-2) of the tubes containing protoplasts was carried out with the tubes already fixed in the microfuge head and continued during centrifugation.
In parallel experiments, intact protoplasts or isolated vacuoles (see below) and medium were separated by directly pipetting the suspension over 50 ,ul silicone oil (density at 25°C, 1.028) and centrifugating as above for 20 s into 50 ,ul 0.6 M sucrose or 15% (v/v) HC104 .
In all experiments, the tubes were kept at temperatures between 18 and 20°C before insertion into the microfuge, which was brought to 4 to 8°C before starting the experiment. If illumination was carried out with the tubes already positioned in the microfuge head, the light source kept the surface of the tubes at the required temperature. At the end of a centrifugation (60 s), the surface of the tubes did not show a temperature lower than 16 to 18°C. This was due to a warming of the air inside the centrifuge during an experiment. If the centrifuge was not precooled, sample temperatures reached about 30°C after 60 s of centrifugation. Under these special precautions, temperatures during incubation and fractionation could be kept fairly constant. Thus, a disturbance of the protoplast metabolism by a larger transient of temperature could be avoided.
Critical Assessment of the Method and the Data Obtained. The experimental approach used to fractionate protoplasts offers some uncertainty about the data given for the mitochondrial fraction. As the agents used for halting mitochondrial metabolism require about 30 s for full inhibition (Fig. 1) , changes of mitochondrial levels of metabolites are to be expected and are actually shown in Table II . Therefore, with respect to the ATP/ADP ratio, the values reported for mitochondria should be lower compared to those for organelles contained in intact protoplasts before fractionation.
Preparation of Vacuoles. Vacuoles were prepared isoosmotically from protoplasts by short-time addition of DEAE-dextran (Pharmacia), according to the method of Durr et al. (8) as modified by Schmidt and Poole (29) , and purified by centrifugation (100,OOOg, 30 min; SW 27, Beckman L-5/50) on a three-step discontinuous Ficoll-400 gradient (Pharmacia) (25) 
RESULTS
Purity and Yield of Fractions. The separation of cellular compartments from each other can be monitored by the determination of specific markers. In a previous report (11) , it was shown that, by a technique of integrated homogenation of protoplasts and centrifugal filtration of the homogenate on a gradient of silicone oils, a pure plastid pellet and an only slightly contaminated mitochondrial fraction can be separated from the rest of the protoplast within 60 s. This was indicated by the distribution of a series of specific markers across the microgradient used. In Table  I , results are given which show, using some selected markers, that the efficiency of separation can still be improved when a Tris medium is injected into the supernatant during centrifugation to give a final concentration of 50 mm Tris (pH 7.6), 100 mm KCI, and 5 mM MgCl2. This is achieved by covering the microtube by a punctured cap in the cavity of which an aliquot of the medium is pipetted before starting the centrifugation. A comparison shows that, possibly due to the increased ion concentration (which is suggested to reduce adhesion of cellular organelles to each other [29] ), nearly 90%o of the chloroplast marker NADPH-dependent glyceraldehyde phosphate dehydrogenase is recovered in the pellet, whereas only small amounts are left in the middle layer and in the supernatant. On the other hand, the recovery of fumarase, a mitochondrial marker, under Tris treatment is considerably higher in the middle fraction (up to 80%o of the total mitochondrial activity) than it is in the absence of high ion concentrations. There is, however, a slight increase in contamination of the plastid fraction by fumarase, which is still far below 0%o of the total level of activity. In contrast, markers for cytosol (PEP carboxylase), vacuolar constituents (acid phosphatase), or microbodies (catalase) Between both treatments, no significant differences in adenylate recovery (ATP + ADP), as well as in the ATP/ADP ratio, could be observed; this was possibly due to the lack of adenylate kinase outside chloroplasts and mitochondria (see Table VI ). Therefore, for reasons of better comparability, all gradients (quenched and sucrose only) were run by injecting Tris medium during centrifugation. Whereas the quenching of stroma and supernatant metabolism does not create any obvious problems, we tried to assess to what extent changes in the metabolite pool contained within mitochondria do occur during fractionation. For this purpose, we conventionally isolated mitochondria from oat leaves by differential centrifugation. Immediately after recording of their respiration rates in the 02 electrode (Fig. 1 (Fig. IA) (Fig. IC) Figure 2 (A-C) summarizes the compartmented fluctuations of adenylates during the first 5 min of illumination of protoplasts kept in the dark for at least 20 min (all measurements are corrected for metabolites in the medium deriving from contaminating free organelles and cross-contamination of the fractions). The response of chloroplast associated adenylates is shown in Figure 2A . Upon illumination, ATP levels increase up to 240o of the dark values, reaching a maximum after about 30 s. This increase is followed by a slight decrease under continued illumination, leveling off at around 190%o of the dark value after 5 min in the light. Inasmuch as ADP is the natural phosphate acceptor in photophosphorylation, the response of this adenylate is the reverse of that of ATP. However, the change in ADP levels is not equivalent to that for ATP. This is due obviously to a considerable drop in AMP during the first 30 s of illumination. In parallel to the reduction in ATP level both, ATP and AMP exhibit an increase during continued light treatment. All of these changes (Table IV) . If the amounts of ATP, ADP, and AMP are added, a more or less constant figure is obtained (Fig. 2, A-C) , which may indicate that there is no net flux of total adenylates between the compartments investigated.
In Figure 2B , the corresponding adenylate levels associated with mitochondria are illustrated. The results clearly demonstrate an immediate but transient reduction in ATP upon illumination, which is closely mirrored by an increase in AMP, whereas the ADP level stays fairly constant as does the sum of all adenylates. In parallel, there is a drop in mitochondrial energy charge from 0.68 to 0.54, which recovers again to the dark level after about 5 min of illumination.
In contrast to the organellar adenylate pools, no significant amounts of AMP could be detected in cytosolic fractions, corrected for contamination by mitochondria and chloroplasts (Fig. 2C) . As a response to photophosphorylation, there is a concomitant rise in the cytosolic ATP level, which accumulates about 30 s later, compared to that in chloroplasts, obviously due to a somewhat retarded energy transfer between chloroplast stroma and cytosol. Again, under prolonged illumination, the ATP level drops to HAMPP ET AL. Figure 3 (A-C). In this case, chloroplasts (Fig. 3A) (Fig. 3, A and C) . But then, possibly due to mitochondrial oxidative phosphorylation and ATP export, there is a subsequent rise in cytosolic ATP which comes close to the initial ATP level, while stroma ATP still decreases. The cytosolic ADP level exactly mirrors the change in ATP in the opposite direction. Because of these alterations, there is only a very shortlived transient fall in cytosolic energy charge from 0.84 to 0.72 between 0 and 30 s of darkness.
As observed under the dark-light regime, no considerable net transfer of total adenylates from one compartment to another occurs, as can be derived from the addition of the analytical data for ATP, ADP, and AMP, also given in Figure 3 (A-C) .
In Table IV , ATP/ADP ratios under the transients used are given, in addition to energy charge values. Here, interesting differences between the compartments emerge. Whereas the values for energy charge in plastids and mitochondria exhibit a relatively similar range from 0.5 to 0.8, depending on the metabolic state, that of the cytosol is considerably higher. The same is true for the ratios of ATP/ADP.
Computation of the ratios [ATP]
[AMP]/[ADPl2 shows that the fluctuations in adenylate levels within each compartment do not simply reflect changes in the equilibrium concentrations, induced by altered AMP levels and catalyzed by adenylate kinase (Table  V) . It, thus, appeared important to investigate the compartmentation and levels of activity of adenylate kinase. From the percentage of adenylate kinase distribution across the three microgradient fractions (Table I) , the amount of enzyme activity associated with each compartment was calculated after correcting for crosscontamination of the fractions by means of the distribution of specific markers. The results clearly indicate that adenylate kinase is exclusively associated with chloroplasts and mitochondria, the former showing 90% of the total cellular level of activity. These values were highly reproducible, and there never could be found any activity outside the organelles. The levels of activity ranged from 0.3 (chloroplasts) to 0.03 (mitochondria) ,umol ADP formed from ATP and AMP per 106 protoplasts-min (Table VI) . If organellar protein is used as a reference, then the specific activity of the chloroplast-associated kinase is twice of that of the mitochondrial enzyme. From these observations, it appears that both (9) , using aqueously isolated spinach chloroplasts. As far as cytosol and chloroplast stroma are concerned, we get similar results with our protoplast system. However, as can be seen, the mitochondrial adenylate levels change independently from those in chloroplasts and cytoplasma.
As soon as chloroplasts start photophosphorylation, there is also a fast transfer of photosynthetic phosphorylation power to the cytosol; this considerably increases cytosolic energy charge. From investigations on animal mitochondria (6, 7), it was concluded that, under conditions which simulate those in the intact cell, the extramitochondrial ATP/ADP ratio determines the rate of entry of ADP into the mitochondria and, thus, the rate of respiration through coupled phosphorylation. Similar conclusions were drawn from manipulations with isolated plant mitochondria (26, 27) . In this view, the immediate decrease of mitochondrial ATP in parallel to an increase of AMP upon illumination should be a consequence of an immediate reduction of respiration-coupled phosphorylation.
While under dark-light transition, a good correlation exists between stroma ATP levels and those recorded for the cytosol per se-, there is a distinct difference after going from light to dark. In this case, our more detailed view on extrachloroplastic events does not fully agree with the observations reported by Heber and Santarius (17, 28) , who, under comparable conditions, found an identical qualitative behavior of chloroplastic (stroma) and extrachloroplastic cellular space. There is some parallel between changes in stroma and cytosolic ATP and ADP only within the first 30 s after turning off the light (Fig. 3) enhanced ATP/ADP exchange by the mitochondrial translocase (23) and to restriction on mitochondrial phosphorylation as soon as the cytosolic energy charge is close to the level it was before the environmental conditions were changed.
We feel that the changes in compartmentalized adenylate levels strongly support the suggestion that there is, indeed, a very tight control of mitochondrial respiration by light via the cytosolic energy state (i.e. ATP/ADP ratio) to keep it constant.
As shown in this paper, the cytosol, corrected for chloroplastic and mitochondrial contamination, has a rather high energy charge of about 0.85. This high energy charge exhibits, only transiently, a slight over-(dark -* light) or undershoot (light -3 dark) but regulates back to a required level, close to the value assumed by Atkinson (2) to be optimal for the interaction between energyconsuming and -producing metabolic reactions. In the present communication, this is shown to be due to chloroplastic and mitochondrial events. One of the reasons for the high cytosolic energy charge is the lack of AMP in this compartment. This finding gets additional support from the observation that the cytosol lacks adenylate kinase activity (Table VI) .
In our experimental system, the kinase was exclusively associated with chloroplasts and mitochondria, showing a rather constant ratio between the two organelles of about 9:1, with respect to the total protoplast associated level of activity. This is a further observation that conflicts, to some extent, with that reported by Santarius and Heber (28) . By determining the intracellular distribution of the enzyme between nonaqueous chloroplast and residue, they found that only 40% of the enzyme was located within the chloroplasts ofleafcells ofspinach and Beta. This considerably lower value could, apart from the different plant material used, be due to inactivation of the enzyme by the nonaqueous isolation procedure, as suggested by the authors, or to problems inherent in the nonaqueous technique. It should be considered in this respect that some error may result from a higher degree of contamination of the fractions. For example, Bird et al. (3) reported that their purest chloroplast fraction was still considerably contaminated by nonchloroplast constituents of the cell. The absence of adenylate kinase from the cytosol could also be a reason for the higher ATP/ADP ratio in this compartment, as compared to the stroma and matrix space.
With respect to the calculated ATP/ADP ratios, the actual ratios could be higher, if one assumes that part of the measured adenylates is bound to membrane constituents. In relation to ATP, this can amount up to 40%1o of the total chloroplast pool present in the dark, as shown by Inoue et al. (22) , and is in the range of ATP reported to be bound to the coupling factor (14) . If, however, differential binding of adenylates to membranes was significant enough to decrease measured ATP/ADP ratios, as compared to the corresponding ratios of free adenylates within the different compartments, the calculated values would not fit the curves drawn in Figure 4 for the adenylate kinase equilibrium. Inasmuch as a rather close fit is observed in most cases, the conclusion drawn by Giersch et al. (9) , that binding of adenylates is not considerable and can be neglected, is adopted.
